0S(CO),C1], 110097-00-2; [(a5-C5H4Me)Ru(q4-C8H12)C1], 110097-01-3; [(q5-C5H4Me)Ru(q4-
Introduction
The organometallic chemistry of V(I1) and V(II1) has for a long time been centered around the metallocene derivatives Cp2V1r.L2a-c and Cp2Vrr'Rzd-g (Cp = q5-C5H5). In recent years two main approaches to monocyclopentadienyl complexes of vanadium have been developed elimination of CpK from K[Cp2VI3 and reaction of Cp2Mg with VC13.2PR3 to form C P V C~~( P R~)~,~ from which CpVCl(dmpe) (dmpe = 1,2-bis(dimethylphosphino)ethane) can be obtained by r e d~c t i o n .~ Here we wish to report "Data recorded at 200 MHz, 20 O C , in toluene-d8, except 4 (360 MHz, 20 "C, benzene-d6). Chemical shifts in parts per million relative to MelSi (6 0) with downfield shifts positive. *Full width of half maximum. "In a range of k300 ppm no a-alkyl protons could be observed. the synthesis of monocyclopentadienyl V(I1) and V(II1) alkyl, aryl, and borohydride complexes from their halide precursors (a preliminary report has been published6). The hydrogenolysis of these hydrocarbyl complexes was investigated as a possible route to the yet unknown paramagnetic CpV hydrides. 
Results and Discussion

50
(1) RM = MeLi, PhMgBr; R = Me (3), P h (4) of 1 with MeMgI produced a mixture of 3 and an iodinecontaining compound (probably C P V ( M~) I ( P M~~)~~) , indicating halide exchange to give relatively inert V-I species. Compounds 3 and 4 are thermally quite stable (they can be handled at room temperature both in the solid state and in solution), though extremely air-sensitive. Thermolysis of 3 in the solid state (performed at 200 "C) or in solution (refluxing toluene) yields methane with only traces of ethane and ethylene. This indicates that proton abstraction from other ligands or from the solvent, and not reductive elimination, is the preferred decomposition pathway, comparable to the results found for the thermolysis of C P~V M~~.~ The compounds C P V R~( P M~~)~ are magnetically dilute d2 high-spin (S = 1) complexes, as shown by solid-state magnetic measurements on 3. From 80 to 300 K the Curie-Webs law is obeyed, with 0 = -14.0 "C and peff = 2.74 pB. Below 80 K the 1/x vs. T relation deviates from linearity ( Figure 1 ). This behavior is normal for an S = 1 system with a small positive spin-orbit coupling constant.1° AU paramagnetic high-spin d2 complexes CpVX2(PMe3), show in the 'H NMR spectrum a broad characteristic resonance for the PMe3 protons (Table I) . Despite the broadness of the signals, the resonances of the various compounds are well-resolved and are useful in monitoring further reactions. Thus when equimolar amounts of 1 and 3 are dissolved in C6D6, a ligand exchange reaction (eq 2) CpVC12(PMe3)2 + CpVMedPMe3)2 showed resonances at -3.5 ppm (from 3) and at -10.5 ppm, probably from CpV(Me)I(PMe&. Elemental analysis showed that the product contained 11% weight of iodine. CpVI,(PMe& has ita resonance at -19.6 PPm. Organometallics, Vol. 6, No. 11, 1987 6, No. 11, 2355 can, be observed by NMR to proceed essentially to completion at 20 "C. The comproportionation product CpV-(Me)C1(PMe3)2 (5) can be isolated as dark brown crystals. A thermodynamic bias for the dispersion of a-donor ligands has been observed before, e.g. in the Cp2TiX2 system.l' Reaction of 1 with 1 mol of MeLi at -30 "C yields equimolar amounts of 3 and starting material as the kinetic product, which at room temperature comproportionates to the thermodynamic product 5. 5 can be used to prepare mixed hydrocarbyl complexes. With allyl Grignard CpV(v3-C3H5)Me(PMe3) (6) is formed, with an q3-bound allyl ligand (as indicated by the IR absorption at 1510 cm-' 3a37) and only one coordinated phosphine. In contrast to 3-5, this compound is thermally quite labile, decomposing in solution at 0 "C.
The IR spectra of the complexes C P V R~( P M~~)~ follow the pattern of Cp and PMe, absorptions in C P V X~( P M~~)~ (X = C1, Br)? with the characteristic Cp C-H out of plane deformation at slighly lower wavenumbers (797 cm-l in 3, 810 cm-' in 1). The methyl complexes show methyl C-H stretch vibrations at 2795 (3) and 2805 cm-l (5) and V-C stretch vibrations at 600 and 615 cm-l, respectively.
From CpVCl(dmpe) (2) V(I1) a-hydrocarbyl complexes can be prepared similarly to the V(II1) complexes (eq 3).
Et20
CpVCl(dmpe) + RM CpVR(dmpe) + MC1 (3) 7-9 RM = MeLi, i-PrMgC1, PhLi; R = Me (7), n-Pr (8), Ph (9) Reaction of 2 with MeMgI results in exclusive formation of CpVI(dmpe), again demonstrating the facile halide exchange in this system and the relative inertness of the V-I bond. Complexes 7-9 are soluble in diethyl ether, THF, and aromatic solvents, but only 8 is pentane-soluble. They can be handled in solution and in the solid state at 0 "C.
The IR spectra of the CpVR(dmpe) complexes are all similar in their absorptions of the Cp and dmpe ligands, with a complicated dmpe pattern (including characteristic absorptions at 940 (vs), 730 (s), and 695 cm-') and a Cp C-H out of plane deformation absorption around 770 cm-l, as found for other 15e V(I1) complexe~.~ The alkyl complexes 7 and 8 show C-H stretch vibrations (at 2750 and 2740 cm-', respectively) at significantly lower frequencies than, e.g., in Cp2TiMe212 or in high-valent transition-metal alkyl c0mp1exes.l~ They are comparable with those found for the low-valent complexes M11Me2(dmpe)2 (M = Ti, V).14 Weakening of alkyl C-H bonds can occur through "agostic" CH.-M interaction^,'^ but it is not clear if this is the case in the complexes considered here. Further discussion on this point will follow below. The methyl complex exhibits a V-C stretch vibration at 540 cm-', which is 60 cm-' lower than in the V(II1) complex 3.
Like C~VCl(dmpe),~ the hydrocarbyl derivatives are paramagnetic high-spin d3 complexes (S = 3/2) and they all show a similar resonance pattern for the Cp and dmpe ligands in the 'H NMR spectra (Table 11) . Particularly noteworthy is the resolution of the diastereotopic methyl and methylene proton resonances of the dmpe ligands in 7-9. As was the case with 3, no resonances for the a-alkyl protons could be observed in a range of f300 ppm. In the spectrum of the propyl complex 8 two new resonances at -38.2 (2 H) and -11.6 ppm (3 H, shoulder on a P-Me resonance) are observed, indicating the presence of an n-propyl group (for comparison, the spectrum of Cp2V-nC4Hg shows resonances for a, P and y alkyl protons around 390, -45, and -5 ppm, relative to TMS, respectively16). This is remarkable, since the compound was prepared by using isopropyl Grignard. Evidently an isomerization of the alkyl group has occurred, probably via a hydrideolefin intermediate. Hydride-olefin complexes are well-known for the Cp,M(H)(olefin) (M = Nb, Ta) system, where it is thermodynamically favored above the alkyl configurati0n.l' The easy accessibility of a hydride-olefin configuration while the alkyl configuration is thermodynamically still the most stable indicates the possibility for the system to be active in the catalytic hydrogenation of olefins, which is indeed the case here (vide infra).
1488.
Thermolysis of 8 in the solid state (performed at 200 "C) yields a mixture of propene and propane (2:3), indicating both hydrogen abstraction an P-H elimination as thermal decomposition pathways (in contrast to, e.g., Cp*RuPr-(PMe3),, where clean P-H elimination occurs to form C~* R U H ( P M~~)~~~) .
Under the same conditions 7 decomposes exclusively by hydrogen abstraction to form methane.
When 2 is reacted with LiBH4 in THF, a green borohydride complex CpV(BH4)dmpe (10) can be isolated. In the IR spectrum characteristic borohydride vibrations can be seen at 2380 (s), 2345 (s), 2255 (m), 1855 (br, m) and 1130 (s) cm-l, but this does not allow immediate determination of the bonding mode as the pattern does not clearly conform to documented patterns for either q2-or 7'-bound BH4 groups.lg The 'H NMR spectrum of 10 differs considerably from those for the other CpVX(dmpe) complexes and is less well-resolved, with only one dmpe CH2 resonance (Z.3 ppm, AV'/~ = 256 Hz) and a dmpe CH3 resonance at -12.9 ppm ( A V ' /~ = 600 Hz) with a shoulder on the downfield side. Solution magnetic measurements (Evans method20) show that 10 is in fact a low-spin d3 complex with only one unpaired electron (peff = 1.6 pB at 25 "C, while high-spin d3 7 has peff = 3.6 pB as expected). The solution EPR spectrum of 10, depicted in Figure 2a , confirms that this paramagnetic V(I1) compound can be treated as an S = 1/2 system. The hyperfine splitting pattern indicates that the unpaired electron interacts with the 51V (I = 7/2) nucleus and the two 31P (I = l/J nuclei of the dmpe ligand. Normally, under these circumstances one would expect to observe eight 1:2:1 triplets or a total of 24 hyperfine lines. However, in this case the fact that the isotropic 31P hyperfine coupling constant is essentially half that for the 51V nucleus leads to direct overlap of some of the internal hyperfine lines. This interpretation was confirmed by a computer simulation of the solution EPR spectrum (Figure 2b ). The computed spectrum was calculated on the basis that A(31P) = 1/2A(51V) = 31.8 G. The values for the corresponding isotropic parameters of g = 1.9858 and A(51V) = 63.6 G were calculated from the magnetic field of the resolved vanadium hyperfine lines and the microwave frequency by using a modified form of the Breit-Rabi equation.21 The rather large observed line widths in Figure 2a presumably arise from unresolved hyperfine coupling of the unpaired electron with the boronand metal-coordinated hydrogen nuclei of the &BH4 ligand.22 The hyperfine splitting pattern indicates that the When the solution sample was heated to 50 O C , the hyperfine lines broadened with concomitant reduction of their resolution. The corresponding frozen glass spectrum was recorded at -140 O C . Although the broadness in the resolved features in the spectrum prevents a clear determination of the principal components of the g and the 31P and ST hyperfine tensors, the gross features of the spectrum are consistent with the nonaxial site symmetry about the paramagnetic V center in 10. Although some hyperfine structure was partially resolved, no attempt was made to simulate this spectrum. unpaired electron is delocalized in a molecular orbital that contains contributions from the V and P atoms. For paramagnetic transition-metal complexes with a less than half-filled d subshell, spin-orbit coupling reduces the isotropic g value below the free-electron value of 2.0023. For 10 a g value of 1.9858 is observed. The magnitude of A(51V) of 63.6 G falls within the range (60-75 G) observed for related dl Cp2VL2-type c0mplexes,2~ in which the unpaired electron has been shown by theoreticalH and EPRB studies to reside primarily in a metal-based orbital.
Attempts to remove BH, from the borohydride complex with Lewis bases in order to prepare a vanadium hydride failed. Even after prolonged reaction time no significant reaction with PMe, or NMe, had occurred.
X-ray Structure Determinations. X-ray structure determinations were carried out for the V(I1) methyl (7) and borohydride (10) complexes. Their structures are depicted in Figures 3 and 4, respectively (bond lengths and angles in Tables I11 and IV) . Both complexes are monomeric and show a three-legged piano-stool geometry. Despite this similarity, the compounds do not form isomorphous crystals.
CpVMe(dmpe).
The compound contains an v2-dmpe ligand and a symmetrically bound v5-C&16 group (V-C(Cp) distances agree within 20). The V-P distances (2.4626, 2.4709 (12) A) are slightly shorter than those in VC12-(dmpe), (average V-P = 2.498 (5) A),14 probably due to better a-back-donation into the phosphorus 3d orbitals. The V-C(Cp) are larger than those in vanadocene (average 2.300 (4) A vs 2.260 (10) AZ5). The V-CH, bond length (2.219 (4) A) appears to be very long, comparable to the V-C distances in the vanadocene olefin adduct Cp2V-(EtO,CCH=CHCO,Et) (2.186/2.213 (12) A)2c and longer than any V-C a-bond found so far.% This is probably due to the high spin (S = 3/2) configuration of the vanadium d3 center (vide infra). The methyl group does not show a strongly distorted geometry as found for example in the CH-M agostic complex TiMe(C1)3dmpe.27 The V-C-H Mol. Struct. 1981, 11, 183. (26) For a recent review of structural data of organovanadium compounds see: Holloway, C. E.; Melnik, M. J. Organomet. Chem. 1986,304, 41. Organometallics, Vol. 6, No. 11, 1987 2357 
108.4 (4) M is the center of gravity of the C5H, ring. (4) C(ll)-C(l2) 1.407 (6) 2.303 (4) C(12)-C(13) 1.416 (6) 2.219 (4) C (13) 
Prime indicates atom related by crystallographic mirror plane of symmetry.
angles (105 (4)') 122 (3)', 105 (5)') lie within a range of 3a difference and provide no statistically significant evidence for CH2-.M agostic interactions (compare Cp*Ti-(CHzPh)328) either. A theoretical examination of this point will be described further on. CpV(BH4)dmpe. The structure determination clearly shows that the BH4 ligand in this complex is q2-bound. Distances involving the BH4 hydrogens exhibit the expected trend B-H(termina1) < B-H(bridge) < V-H. The V(p-H),B unit is coplanar. Despite the overall similarity in geometry to 7, there are several differences. The average V-C(Cp) and V-P distances are considerably shorter than in the methyl complex (shorter by 0.063 A (loa difference) and 0.068 A (34~7 difference), respectively). We suggest that this decrease in bond length originates in the low-spin (S = 1/2) configuration of the d3 center in CpV(BH,)dmpe, causing a general contraction of the metal covalent radius. This effect can be compared to that seen in the V-C distances in high-spin CpZVz5 and low-spin (2,4-dimethylpentadienyl)zV,29 which are on average 0.05 A shorter in the low-spin complex. It is also remarkable that in the low-spin BH4 complex the nonbonding V-B distance is only 0.035 A longer than the V-C single bond in the high-spin methyl complex. This contrasts with the much larger difference found, e.g., in the pair of compounds (C5H4Me),HfX2 (X = Me,30 772-BH431), which is 0.31 A.
This suggests that the long V-CH, bond in 7 is not exclusively due to the larger covalent radius of the high-spin d3-metal center.
One other difference between the structures of 7 and 10 can be observed the Cp ligand in the borohydride complex is rotated approximately 36" around the V-Cp centroid axis with respect to the orientation in the methyl complex.
This causes a trans arrangement of the two dmpe P atoms and two Cp carbon atoms (C(5), C(5)') in 10, which is absent in 7. In response to this arrangement these carbon atoms are significantly further away from the metal (on average 0.071 A) than the other three. However, no distortion from planarity or any irregularity in the c-C distance of the Cp ligand is observed. Recently, several examples of such "trans-effect" distortions of the coordination of a Cp ligand have been observed, e.g., in cisCp*Re(C0)212.32 EHMO Calculations. Extended Huckel calculation^^^ have been performed on the model system C P V M~( P H~)~ with geometrical parametas similar to those found in the X-ray structure of 7. For the high-spin d3 state, the calculations indicate that the three unpaired electrons reside in MO's of which one is nonbonding and the other two (a'= and a", CpVR(PH,), is of point group CJ are slightly V-C antibonding. The Mulliken overlap populations for the three MO's are -0.020, -0.022, and -0.004 in order of decreasing orbital energy E , on a total V-C overlap population of 0.229. This may also contribute to the relatively long V-C bond as found in the X-ray structure of 7. A slight destabilization of the a', and a" orbitals has also been observed in calculations on d6 c~F e ( C 0 )~M e .~~ Eisenstein and Jean35 performed extensive EHMO calculations on the possibilities for CH-M interactions in octahedral and tetrahedral Ti(1V) model systems. For the octahedral (H5TiCHJ-significant stabilization occurred upon deviation of the Ti-C-H angle (Y from the tetrahedral value (the H-C-H angles were kept fixed at the tetrahedral Hessen et al. (Figure 5b ) and the total energy minimum near a = 123'. That the high-spin configuration of the metal is unfavorable for CH2.-M interactions is demonstrated by calculations on the low-spin state (Figure 5c ), where the total energy curve reaches a more pronounced minimum around a = 140O. The calculations indicate that it is very well possible that CH2.-M interactions occur in the CpVR(dmpe) system. However, it is still unclear to what extent the alkyl C-H bonds can be influenced by these interactions. The small but significant lowering of the alkyl C-H stretch vibration frequencies in 7 and 8 might be due to a weak CH2-M interaction, but it cannot be excluded that other electronic factors are responsible for this effect (e.g., the presence of electrons in high-energy metal-centered orbitals). (The monotonous increase in vCH in M-(CH3)2(dmpe), from 2750 to 2800 cm-' on going from M = Ti to M = Mn,14 which effectively corresponds to a progressive lowering of the energy of the metal centered orbitals, might indicate such a phenomenon.)
For the borohydride complex 10, the low-spin configuration can be easily explained by MO considerations. Whereas the q2-BH4-ligand has an orbital capable of strong interaction with the CPV(PH,)~+ fragment a" LUMO, the CH,-ligand has an orbital of that symmetry that is less suited for such an interaction. In Figure 6 the MO interaction digrams for the CpV(PH,),+ fragment with CH,-and q2-BH4-ligands, as obtained from EHMO calculations, are shown (only a" interactions are drawn explicitly). The weak a" interaction in the methyl complex only slightly destabilizes the CpV(PH3),+ a" LUMO, leading to an energy gap between the highest and lowest singly occupied MO's in high-spin CpVMe(PH3), of 0.98 eV. In the borohydride complex, due to the grater destabilization of the metal fragment LUMO, this separation is much larger (2.50 eV), thus enforcing spin pairing. 
Similar arguments predict diamagnetism for Cp2V(q2-BH,), as can be seen in the MO diagram for CpzNb(q2-BH4).3e For Cp2VBH4 no magnetic measurements have been published, but the 'H NMR suggests that the compound is diamagneti~.~'
Apparently, the stabilization of two BH4-orbitals is sufficient to compensate for the electron pairing energy, making the low-spin CpV(q2-BH4)dmpe complex more favorable than the high-spin q1-BH4 isomer. Interestingly, for the compound CpRu(BH4) (PRJ2 one would predict an q1-BH4 ligand, like that found in CH3C(CH2PPh2),Cu-(BH4),38 as the system has three more valence electrons than its vanadium analogue. Although the chemistry of the CpRu(L2)X system (L = CO, PR3) is well-explored, the borohydride derivatives have not been reported so far.
Reactions with Molecular Hydrogen. In an inert solvent (pentane), C P V M~~( P M~~)~ reacts with molecular hydrogen under uptake of 1 mol of H2/mol of V, liberating 2 mol of methane/mol of V. Concomitantly, a black solid is formed. This compound has so far eluded characterization (it is NMR and EPR silent, gives an ill resolved IR spectrum, and could not be crystallized), but elemental analysis indicated the presence of only one phosphorus per V. This product will henceforth be reffered to as "X". For this reaction initial phosphine dissociation seems to be a prerequisite, as in the presence of excess PMe3 under otherwise similar conditions no reaction takes place. From the X-ray structure of C P V C~, ( P M~~)~~ it can be seen that the compounds C P W ( P M~~)~ are sterically very crowded, with little accessibility of the metal atom. This necessitates phosphine disso~iation~~ prior to reaction with most other substrate molecules. When 3 reacts with H2 in benzene, Organometallics, Vol. 6, No. 11, 1987 6, No. 11, 2359 General reaction conditions are specified in the Experimental Section. *In this experiment some dimerization of the 1-hexene was also observed. again 1 mol of H2 is consumed and 2 mol of methane are liberated, but a different product formation is observed: the triple-decker complex CpV(C6H6)VCp, earlier described by Duff, Jonas, et can be isolated (eq 4). This
indicates that unsaturated CpV' fragments are generated in the reaction mixture that are capable of complexing other ligands that are present. Indeed, when the reaction is performed in 2,3-dimethyl-1,3-butadiene, the diene complex CpV(CGHlo)-PMe3 is produced (eq 5). With
monoolefins (cyclohexene, 1-hexene) no olefin complexes could be isolated, but slow catalytic hydrogenation (and isomerization of the linear olefin) was observed (Table V) , indicating both olefin complexation and the presence of active hydride intermediates. In addition some catalytic 1-hexene dimerization (about 2 mol/mol of V) was also observed. In these reactions "X" is slowly formed, disrupting the catalytic process, as "X" itself proved to be inactive under these circumstances. Reaction of 3 with molecular hydrogen does not provide a suitable way of preparing stable vanadium hydrides, though it is likely that hydrido species are present as intermediates. It does however provide a means of generating active unsaturated CpV fragments. As such it resembles the [Cp2V]K system, which can liberate CpK3, and CpCr(allyl)2, which can generate CpCr fragments by easy elimination of 2,5-he~adiene.~l In our case reductive eiimination processes probably play an important role in precluding the isolation of CpV"' hydrides. That these processes can also be intermolecular is shown by the fact that reaction of 5 with H2 yields [CpV"(C1)PMe312 as the only isolable product. The only V(II1) paramagnetic hydride isolated so far is the sterically hindered bis(pentamethylcyclopentadienyl) compound (C5Me5)2VH.2g
When the V(1I) complex 8 reacts with H2 in the presence of olefins, slow catalytic hydrogenation (and isomerization of the linear olefin) is observed. This probably occurs through hydride-olefin intermediates, already mentioned at the observed i-Pr to n-Pr rearrangement leading to 8. Interestingly, unless dissociation of one leg of the bidentate phosphine ligand occurs, the M(alky1) to M(H) (olefin) interconversion will have to be accompanied by spin pairing on the d3-metal center, influencing the thermodynamic balance between the two configurations. In this respect it would be interesting to compare the perform- a c e s in the hydrogenations of a CpTinR(dmpe) d2 system, where no spin pairing would be necessary.
Experimental Section
General Remarks. All reactions were performed under purified dinitrogen by using Schlenk, glovebox, and vacuum line techniques. Solvents were distilled under dinitrogen from sodium (toluene) or sodium-potassium melts (benzene, THF, pentane, ether) before use. NMR solvents were dried on sodium-potassium alloy and vacuum transferred before use. PMe3,42 d m~e , 4~ and l4 were prepared according to published procedures. 2 was prepared according to a modification of the procedure given in the literature5 and is described below. Salt-free MeLi was either purchased (Aldrich) or prepared from MeCl and Li sand in ether.
Cyclohexene and 2,3-dimethyl-1,3-butadiene were vacuum transferred and stored over molecular sieves (4 A). 1-Hexene was purified by column chromatography over alumina, degassed, and stored over molecular sieves (4 A). Hydrogen gas of 99.9995% purity was used without further purification. IR spectra were recorded on Nujol mulls between KBr disks with a Pye-Unicam SP3-300 spectrophotometer. ' H NMR spectra were recorded with Nicolet NT-200 and NT-360 spectrometers. The EPR spectra were recorded with an IBM/Bruker ER2OOD-SRC spectrometer.
The wavelength frequency was measured with a Hewlett-Packard 5340A frequency counter. The magnetic field of the spectrometer is calibrated by an internal NMR gaussmeter. The solution samples were prepared by vacuum transfer of toluene onto a few milligrams of the compound in a evacuable quartz tube. The temperature of the sample during the EPR measurements was controlled to within 1 "C by the instrument's variable-temperature control system. The computer program for the simulation of solution EPR spectra was provided to J.L.P. by H. Stokolosa, University of Kentucky. Gas chromatography was performed with a H P 7620A GC instrument using a Porapak Q packed column and a H P 3390 integrator. Magnetic susceptibility measurements on solid 3 were performed on a Faraday-type system (Oxford Instruments) equipped with a Mettler ME21 electronic vacuum microbalance. Elemental analyses were performed a t the Microanalytical Department of the Groningen University. All data given are the average of at least two independent determinations.
Preparation of CpVR,(PMe,), (R = Me (3), P h (4)).
A suspension of 1 (1.22 g, 3.60 mmol) in 23 mL of diethyl ether was cooled to -35 "C. In 25 min 4.6 mL of 1.56 M MeLi solution in diethyl ether was added dropwise. After the solution was stirred for 2 h while being warmed to -10 "C, the solvent was pumped off and the red solid extracted with 20 mL of pentane. Concentrating the extract and cooling to -76 "C yielded red crystalline 3 (0.92 g, 3.08 mmol, 85%). I R 3100 (vw), 2795 (mw) 
Preparation of CpV(Me)C1(PMe3), (5).
A mixture of solid 1 (0.793 g, 2.34 mmol) and 3 (0.740 g, 2.47 mmol) was dissolved in 40 mL of benzene and stirred for 14 h a t room temperature. The solvent was pumped off and the black-brown solid extracted with hexane. Concentrating and cooling the extract to -76 "C yielded large black-brown crystals of 5 (1.132 g, 3.55 mmol, 76% calculated on 1). Elemental analysis showed that the product contained 3 wt % of 1. Anal. Calcd for C,,H,,P,VCl: C, 45.23; H, 8.22; C, 11.12. Found: C, 45.06; H, 8.21; C1, 11.57 . This impurity could clearly be seen in the 'H NMR spectrum.
Preparation of CpV(C3H5)Me(PMe3) (6). 5 (0.75 g, 2.4 mmol) was dissolved in 20 mL of diethyl ether. A t -50 "C 2.4 mL of a 1.0 M (a1lyl)MgCl solution in diethyl ether was syringed in dropwise. The solution was allowed to warm t o -10 "C while being stirred. The solvent was pumped off and the solid dried in vacuo at -10 "C. Extraction with cold (-10 "C) pentane and cooling the extract to -80 "C yielded 0.43 g (1.7 mmol, 71%) of 6 as black-brown needles. 'H NMR ( 
Preparation of CpVCl(dmpe) (2). An amalgam was made
of sodium sand (0.93 g, 40.5 mmol) and 8.5 mL of mercury. Subsequently 125 mL of THF and 14.00 g (41.3 mmol) of 1 were added, and the purple solution was stirred for 2 days a t room temperature. The blue solution was decanted into another vessel, and the solvent was pumped off. The reddish solid was dissolved in 110 mL of toluene. dmpe (7.0 mL, 42.0 mmol) was added, and the solution turned green while being stirred for 30 min. The salt was allowed to settle whereafter the solution was filtered and cooled to -80 "C. In two crops (for the second crop 50 mL of pentane was added to the mother liquor) 8.36 g (27.7 mmol, 68%) of green crystalline 2 was obtained. This product was spectroscopically pure.
Preparation of CpVR(dmpe) (R = Me (7), P h (9)). A suspension of 2 (0.783 g, 2.59 mmol) in 20 mL of diethyl ether was cooled to -35 "C. In 10 min 1.7 mL of a 1.56 M MeLi solution in diethyl ether was added dropwise. After the solution was stirred for 2 h while being warmed up to 0 "C, the white precipitate was allowed to settle. The brown solution was filtered at 0 "C and concentrated, after which 5 mL of pentane was added. 
Preparation of CpV(BH,)dmpe (10).
Green 2 (0.500 g, 1.66 mmol) was suspended in T H F (50 mL) at -30 "C and an excess of LiBH, (0.140 g, 6.7 mmol) was added over a period of 30 min. The solution was allowed to warm to room temperature and became green-brown to red-brown. The solvent was removed in vacuo, and the solid mixture was extracted with 40 mL of toluene. The green product was precipitated from the toluene extracts by addition of pentane. Recrystallization was effected by vapor diffusion of pentane into toluene solutions of 10 or by slow cooling of toluene solutions. IR: 3100 (w), 2380 (s, C, 47.12; H, 9.02. Reaction of 2 with MeMgI. To a suspension of 2 (0.898 g, 2.98 mmol) in 20 mL of diethyl ether was added 2.0 mL of a 1.47 M solution of MeMgI in diethyl ether dropwise at -30 "C. After the mixture was stirred for 1.5 h, during which the mixture was allowed to warm to 0 "C, the solvent was pumped off. Extraction with 80 mL of toluene and cooling to -80 "C yielded 0. Reactions of 3 with H2 in Benzene and Pentane. A solution of 3 (0.124 g, 0.415 mmol) in benzene was stirred under 1.26 mmol of H2 for 14 h a t room temperature. A brownish solution with a green precipitate of ( C P V )~( C~H~) had formed. The gas was pumped off quantitatively by using a Toepler pump. Oxidation of residual H2 over CuO a t 300 "C (the water thus formed was collected in a cold trap of -70 "C) showed that 0.47 mmol of H2, 1.1 ( i 0 . l ) mol/mol of V, had been consumed and that 0.86 mmol of methane, 2.1 (kO.1) mol/mol of V, had been produced. An analogous procedure for the reaction in pentane gave a H, uptake of 1.1 (hO.l) mol/mol of V and a production of 1.8 (hO.1) mol of methane/mol of V.
P r e p a r a t i o n of ( C P V )~( C~H~) .
3 (1.12 g, 3.75 mmol) was dissolved in 50 mL of benzene. The solution was frozen in liquid nitrogen and the N2 atmosphere replaced by 1 atm of hydrogen. The solution was thawed out and stirred for 15 h at room temperature. The solvent was filtered off, and the green precipitate was washed with pentane, yielding 0.30 g (0.97 mmol, 52%) of P r e p a r a t i o n of CpV(C6Hlo).PMe3. 3 (0.215 g, 0.72 mmol) was dissolved in 3.5 mL of 2,3-dimethyl-1,3-butadienea The solution was frozen in liquid nitrogen: then the N2 atmosphere was replaced by 1 atm of hydrogen. The solution was thawed out and stirred for 2 days at room temperature. The solvent was pumped off and the green residue extracted with 10 mL of pentane. Concentrating and cooling of the extract to -80 "C yielded dark green crystalline CpV(C6Hlo).PMe3 (0.075 g, 0.27 mmol, 38%). Crystallography. CpVCH3(dmpe). A brownish yellow crystal grown from Et20/pentane was affixed to a glass fiber and transferred to the goniostat by using standard inert atmosphere handling technique^.,^ The sample was then :ooled to -158 "C for characterization and data collecti In using a graphite-monochromated radiation and a diffractonleter of local construction. A systematic search of a limited hemisphere of reciprocal space revealed a set of diffraction maxima with orthorhombic symmetry and systematic absences of hOO, h = 2n + 1, OkO, k = 2n + 1, and 001, 1 = 2n + 1, placing it in the acentric space group P212121.
Subsequent solution and refinement of the structure confirmed this choice. Data were collected (Table VI) for +h,+h,+l in the range 6' I 26 5 55" and proLessed in the usual manner. The structure was solved by direct methods (WLTAN78) and Fourier techniques and refined by full-matrix least-squares methods. All atoms were located and refined (isotropic for H; anisotropic for V, C, P). Both the structures as given in the following tables and its enantiomorph were refined while the reported Coo: 'tinates gave slightly lower residuals; these were not significantly lower to verify the absolute configuration for the crystal chosen. Because of the small size and low absorption coefficient of the sample, no absorption correction was deemed necessary. A fin 31 difference Fourier was featureless, the largest peak being 0.21 e/A3.
The results of the structure determination are displayed in Tables I11 and VI1 and Figure 3 . There is no evidence for disorder in any part of the structure. Refined C-H distances range from 0.65 (6) to 1.00 (5) A and average 0.88 A.
A suitable crystal was located and transferred to the goniostat by using standard inert atmosphere handling techniques and cooled to -160 "C for characterization and data collection. A systematic search of a limited hemisphere of reciprocal space located a set of diffraction maxima with symmetry and systematic absences corresponding to one of the monoclinic space groups P21 or P2Jm. Data were collected in the usual manner46 using a continuous 8-28 scan with fixed backgrounds. Characteristics of the crystal and the data coll e~t i o n ,~ (6" 5 26 I 45'), processing, and refinement appear in Table VI . CpV(BH,)(dmpe) crystallizes from toluene in a unit cell containing two independent molecules. Initial attempts to solve the structure using either direct methods (MULTAN78) or Patterson techniques led to 7 irtial solutions in which one molecule ("molecule 1") was moderately well-resolved, but the CpV(BH,)(dmpe). 
